The gene networks underlying closure of the optic fissure during vertebrate eye development are poorly understood. Here, we profile global gene expression during optic fissure closure using laser capture microdissected (LCM) tissue from the margins of the fissure. From these data, we identify a unique role for the C 2H2 zinc finger proteins Nlz1 and Nlz2 in normal fissure closure. Gene knockdown of nlz1 and/or nlz2 in zebrafish leads to a failure of the optic fissure to close, a phenotype which closely resembles that seen in human uveal coloboma. We also identify misregulation of pax2 in the developing eye of morphant fish, suggesting that Nlz1 and Nlz2 act upstream of the Pax2 pathway in directing proper closure of the optic fissure.
The gene networks underlying closure of the optic fissure during vertebrate eye development are poorly understood. Here, we profile global gene expression during optic fissure closure using laser capture microdissected (LCM) tissue from the margins of the fissure. From these data, we identify a unique role for the C 2H2 zinc finger proteins Nlz1 and Nlz2 in normal fissure closure. Gene knockdown of nlz1 and/or nlz2 in zebrafish leads to a failure of the optic fissure to close, a phenotype which closely resembles that seen in human uveal coloboma. We also identify misregulation of pax2 in the developing eye of morphant fish, suggesting that Nlz1 and Nlz2 act upstream of the Pax2 pathway in directing proper closure of the optic fissure.
coloboma ͉ eye ͉ pax2 ͉ zinc finger protein ͉ zebrafish T he mammalian eye begins as an evagination of forebrain neuroepithelium, the optic vesicle. As the optic vesicle approaches the surface ectoderm, it invaginates upon itself, forming a double-layered optic cup attached to the brain via the optic stalk. The asymmetric nature of this invagination leads to the formation of a gap along the ventral optic cup and optic stalk (the optic fissure) that remains open for hours to days, depending on the species. To form a spherical globe the margins of the optic fissure must meet and fuse ventrally during the 5th-7th weeks of gestation in humans (1) .
Failure of optic fissure closure can lead to uveal coloboma, a malformation presenting as defects in the iris, ciliary body, retina, choroid, retinal pigment epithelium (RPE), and/or optic nerve in the inferonasal quadrant of the eye. The incidence of uveal coloboma in humans is between 0.5 and 2.6 per 10,000 births, depending on the population sampled, (2, 3) and may account for up to 10% of childhood blindness (4) . Most cases of uveal coloboma are sporadic, although autosomal dominant, autosomal recessive, and X-linked modes of inheritance have been documented (5) .
Numerous mutations in developmentally important genes are involved in human coloboma. Among these are CHD7 (associated with CHARGE syndrome), CHX10, GDF6, OTX2, PAX2, PAX6, SHH, SIX3, MAF, SOX2, and BMP4 (6-16) and many chromosomal aberrations. However, with the exception of CHD7 in CHARGE syndrome, these mutations account for only a small subset of patients. The causes of the greater proportion of human colobomata remain unknown.
Given this complex and incomplete picture, we feel it is imperative to gain an increased understanding of the basic biology that governs normal closure of the optic fissure. Such an understanding will help inform a search for candidate genes of human disease. Toward this end we present here the results of global expression profiling during optic fissure closure and identify Nlz1 and Nlz2 as critically important genes in this process.
Results

Optic Fissure Tissue Can Be Dissected Accurately and Consistently at
Various Stages During Closure. The different stages of the optic fissure can be clearly visualized by making sagittal sections through the mouse eye during early development, which represent the optic fissure at open (E10.5), closing (E11.5), and fused (E12.5) states (Fig. 1) . Laser capture microdissection (LCM) was used to dissect tissue from the margins of the optic fissure consisting of the outer (presumptive RPE) and inner (presumptive neurosensory retina) layers of the retina. An approximately square-shaped block of optic fissure (50 ϫ 50 m) was dissected from each side of the fissure. Two rounds of linear amplification were performed on RNA isolated from each of the samples before microarray hybridization. In a pilot experiment, we found that 2 samples from E11.5 embryos that were isolated and hybridized on separate days had highly similar expression profiles (r ϭ 0.997), indicating minimal sample variation (supporting information (SI) Fig. S1 ).
Identification of Temporally Regulated Transcripts as Candidate
Genes for Controlling Closure. Expression data were gathered in biological triplicate at E10.5, E11.5, and duplicate at E12.5. Each array represented pooled optic fissure tissue from 3 embryos from a single litter. Data analysis resulted in a subset of 250 probe sets that show variation with developmental time. These 250 probe sets represent 168 annotated genes and 54 hypothetical or predicted genes; 28 probe sets appeared more than once (Table S1) . Temporal expression profile clustering shows substantial trends observed among the 250 probe sets (data not shown). (Fig. S2) . A high percentage of annotated genes from our screen were also confirmed to be expressed in the eye during the developmental stages assayed. Of the 46% (78/168) of genes for which in situ hybridization studies exist at relevant time points, 89.8% (70/78) are expressed in the eye, 5.1% (4/78) are not expressed in the eye, and the remaining 5.1% (4/78) are of undetermined expression in the eye.
Real-Time PCR and in Situ Hybridization in Mouse Embryos Verifies
Temporal and Spatial Gene Expression Patterns. Several transcripts were selected for inclusion in further investigation on the basis of meeting 1 or more of the following criteria: they could be placed in a known developmentally regulated pathway, independent evidence of the trend in temporal expression, and/or expression in the eye, especially at the optic fissure. The expression profiles of 6 genes from our microarray analysis, which included the zinc finger protein encoding gene Nlz2, were validated by real-time PCR on independently dissected optic fissure tissue. A strong positive correlation was observed between expression profiles obtained by microarray analysis and real-time PCR in all cases (data not shown).
We also verified anatomic expression using in situ hybridization in whole mouse embryos and frozen sections. Strong expression was observed in the optic fissure for 5 of the gene products assayed and qualitative differences were noted among embryonic days E10.5, E11.5, and E12.5 (data not shown). Among the positive genes, we noted that transcripts encoding Nlz2 are strongly expressed in the entire optic cup at E10.5. At E11.5, the time point we hypothesized was most critical to fusion, the Nlz2 expression domain was confined to the closing optic fissure (Fig. S3E) . Following fissure closure (E12.5), Nlz expression was undetectable. Nlz family member, nlz1, has also been identified in zebrafish (17) and both genes are expressed in the ventral eye at relevant developmental time points (see Fig. 4 H and I). The Nlz family has also been associated with molecules involved in eye development, including retinoic acid (RA), bone morphogenetic proteins (BMPs), and Pax2 (17, 18) . We therefore reasoned that both nlz1 and nlz2 might play critical roles in fissure closure. To test this notion, morpholinos targeting the translation start site for both genes were injected into fertilized zebrafish eggs. The result was a marked delay in the apposition of the edges of the optic fissure beginning at 24 h postfertilization (hpf), a time when the optic fissure has begun to fuse in the control fish. At later time points, frank coloboma was observed in both nlz1 and nlz2 morphants (Fig. 2) . However, whereas the eyes of nlz1 morphants were close to normal in size ( Fig. 2 B and E), the eyes of nlz2 morphants were consistently microphthalmic ( Fig. 2 C 
and F).
Histopathology in morphant fish at 5 and 6 dpf also reveals a striking failure of the optic fissure to fuse ( Fig. 3 E, F , and H). Closure of the optic fissure can be clearly seen in control morpholino oligonucleotide (MO)-injected fish. At 6 dpf, the 2 margins of the optic fissure in nlz1 morphants can be seen slipping past each other along the entry of the hyaloid vasculature in the ventral eye. Although retinal lamination-which is normally complete by this time-is largely normal in nlz1 morphants, we do note small areas of retinal dysplasia/rosette formation ( Fig. 3 E and H, arrows) and abnormal retinal vasculature (open arrowhead). By comparison, nlz2 morphant eyes were smaller and had less well-defined retinal lamination ( Fig. 3 C and F) .
To confirm specificity, additional nlz1 and nlz2 morpholinos targeting the intron 1-exon 2 splice site were injected independently, resulting in the same phenotype as observed for the translation-blocking MOs. The optic fissure closure defect was observed in 102/103 nlz1 morphant embryos using a translation start site blocking morpholino and 161/162 embryos using a splice site blocking morpholino. Similarly, in the case of nlz2, 64/66 fish had an optic fissure defect when injected with morpholino targeting the translation start site and 137/138 when the splice site was targeted. In a second series of injections, we established a grading scheme to score and quantify the severity of optic fissure defects seen in morphant fish, with grade 1 being a fissure with a noticeable gap compared to control, grade 2 having a wider gap (20°-90°gap as measured from the center of the lens), and grade 3 having the greatest gap (90°-170°) at 24 hpf (Fig. 4 A-F) . The optic fissure closure defect is dose dependent because injecting 4 ng of nlz1 MO or nlz2 MO had a much less severe phenotype profile when compared to 8 ng (Fig.  4J) . The coinjection of 4 ng nlz1 and 4 ng nlz2 MO, however, yields at least an additive effect. Coinjection of wild-type nlz1 or nlz2 mRNA with the respective nlz MO partially rescues the phenotype showing a greater percentage of normal fish and a less severe phenotype profile in general (Fig. 4J) . In both splice-blocked morphants, correct morpholino targeting was confirmed using RT-PCR (Fig. S4 ). (19, 20) . In addition, homozygous disruptions or deletions of Pax2 cause coloboma in mouse and zebrafish (21, 22) . Given the importance of Pax2 in optic fissure closure, we reasoned that Nlz1 and Nlz2 might affect a Pax2-dependent pathway in the developing eye. To test this hypothesis, we visualized pax2.1 expression in zebrafish at 18 ( Fig. 5 A-F ) and 24 hpf (Fig. 5 G-L) using in situ hybridization in whole embryos. At 24 hpf, pax 2.1 is distinctly expressed in the optic stalk, closing fissure, midbrain/hindbrain boundary (MHB), and otic vesicle (Fig. 5 G and J) . However, in nlz1 knockdown embryos, pax2.1 expression was almost completely absent from the lips of the closing optic fissure and stalk (Fig. 5 H and K) . Interestingly, nlz2 knockdown expanded the pax2.1 expression domain in the eye from a ventral-anterior position in control fish at 18 hpf to nearly the entire optic vesicle (Fig. 5 C and F) . The expansion is also pronounced at 24hpf, laterally and dorsally into the inner layer of the developing retina (Fig. 5 I and L) .
pax6 is also strongly expressed in the eye and forebrain in zebrafish at 24 hpf (Fig. 5M) . Because of the critical role of pax6 in eye development we performed in situ hybridization to detect whether nlz1 or nlz2 knockdown affected the expression of this transcription factor. The expression domain of pax6 in nlz1 morphants was mildly expanded into the ventral optic cup at 24 hpf (Fig. 5N ) and somewhat contracted in nlz2 morphants (Fig. 5O) .
We next chose to assay other markers of eye development to ascertain whether nlz knockdown was affecting pax2.1 specifically or was causing a more global disruption of developmental regulation. vax1 and vax2 are well-characterized markers of the optic stalk and ventral retina and have also been shown to cause optic fissure defects when deficient in mouse and zebrafish The results of the phenotype profiling are summarized in the bar graph (J) where lower grade closure defects are observed at low doses of either nlz1 or nlz2 MO, yet an effect which is at least additive is seen when these doses are combined. A higher dose of either morpholino produces strong optic fissure defects in morphant fish, which is partially rescued by coinjection of respective wild-type mRNA. Expression of nlz1 (H) and nlz2 (I) in wild-type zebrafish embryos at 24 hpf shows expression at the optic fissure (arrowheads).
(23-26). In situ hybridization in 24-hpf zebrafish injected with control, nlz1 or nlz2 MO, showed no noticeable differences in vax1 (Fig. 5 P-R) or vax2 (Fig. 5 S-U) expression in the optic stalk and ventral retina.
pax2.1 Partially Rescues nlz1, but Not nlz2 Morphant Phenotype.
Because of the differences in pax2.1 expression in nlz1 and nlz2 morphants, we hypothesized that coinjection of pax2.1 mRNA might partially rescue the nlz1 morphant phenotype. Indeed, coinjection of pax2.1 mRNA with nlz1 MO increases the number of low-grade defects and normal eyes (Fig. 6) . In contrast, nlz2 morphant fish were not rescued by coinjection of pax2.1 (data not shown).
NLZ1 and NLZ2 Can Bind the PAX2 Promoter in Vitro.
To address the question of whether the Nlz proteins could be acting as direct upstream regulators of pax2.1, we performed chromatin immunoprecipitation (ChIP) in a human RPE cell line transfected with FLAG-tagged NLZ1 or NLZ2 constructs. In silico analysis of the sequence 1.5 kb upstream of the PAX2 translation start site (NT030059.12) revealed 10 conserved putative zinc finger binding sites (5Ј-AGGAt-3Ј) (27) . ChIP analysis showed that both NLZ1 and NLZ2 can bind a conserved segment extending from position Ϫ1726 to position Ϫ1602 in the PAX2 promoter relative to the translation start site and contains 1 zinc finger binding consensus sequence at Ϫ1647 bp (Fig. 7) . NLZ binding was not detected at the other putative zinc finger binding sites (Fig. S5) . In addition, expression of NLZ1 or NLZ2 in vitro both inhibited PAX2 promoter-driven expression of luciferase in a dosedependent fashion, consistent with a direct effect (Fig. S6 ). A n t i-F la g A n t i-F la g I n p u t I g G I n p u t I g G
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Fig. 7. NLZ1 and NLZ2 bind the PAX2 promoter. Chromatin immunoprecipitation with anti-FLAG Ab shows FLAG-tagged NLZ1 and NLZ2 bind to a conserved 123-bp region of the PAX2 promoter containing 1 putative zinc finger binding site (see also Fig. S5 ).
Discussion
Nlz1 and Nlz2 Play a Critical Role in Fissure Closure. In this study, we have assayed whole-genome expression profiles in the optic fissure and identified a novel role of two genes, Nlz1 and Nlz2, which regulate proper optic fissure closure during development. Of the many genes identified by our microarray analysis, the anatomic and temporal expression profile of Nlz2, confirmed by real-time PCR, whole mount and section in situ hybridization in mouse and zebrafish, made it of particular interest as a candidate in optic fissure closure. On the basis of similarities in sequence, in situ expression, and reports linking the two in hindbrain development, we also assayed the role of nlz1 in fissure closure (18, 28) . The fact that the Nlz genes encode zinc finger domains and were previously uncharacterized in the eye made them an appealing target for a functional assay. Knockdown of either nlz1 or nlz2 in zebrafish causes a failure of the optic fissure to close when compared to control fish at the same time points. The coloboma induced by nlz1 and/or nlz2 knockdown strongly resembles the clinical and pathologic findings in human eyes with uveal coloboma, including rosettes/retinal dysplasia and abnormal retinal vasculature (29, 30) . This makes both NLZ1 and NLZ2 intriguing candidates for human disease. The fact that nlz1 morphants have only slightly smaller eyes relative to normal, whereas nlz2 morphants exhibit more pronounced microphthalmia, may help in understanding why some patients with coloboma are microphthalmic, while others are not (31) . It has previously been reported that zebrafish nlz1 may exist in 2 different isoforms because of an alternate translation start site in the first exon and that the 2 forms appear to have different functions in regulating patterning of the hindbrain (28). Considering this, we here show the effects of 2 different morpholinos targeting nlz1. The first is designed to target the full-length translation start site which we would predict would not affect translation from an alternate, downstream start site. The second is designed to target the intron 1-exon 2 boundary, which would block correct splicing of the full-length and the shorter isoform of nlz1. The morphant phenotypes resulting from equal doses of the morpholinos were indistinguishable. It is not possible, however, to sort out whether this is because of a difference in efficiency between morpholinos, the favoring of an alternate translation form, or a dominant role of the full-length protein in fissure closure.
Nlz Proteins May Act in a Pax2-Dependent Manner in the Ventral Eye.
Because Nlz proteins have not previously been implicated in eye development, we sought to identify how Nlz1 and Nlz2 might integrate with known eye development pathways. Toward this end, we have discovered that nlz1 or nlz2 knockdown in zebrafish affects transcription of pax2.1, a key determinant of optic fissure and stalk identity. Pax2 null mice have been reported to have fissure closure defects (32) and overexpression of pax2.1 in zebrafish and chick has also been shown to cause coloboma and other eye abnormalities (33, 34) . The fact that pax2.1 expression is strongly inhibited in nlz1 morphants suggests that nlz1 likely acts as a transcriptional activator of pax2.1 in vivo. Somewhat surprisingly, however, the expansion in pax2.1 expression in nlz2 morphants suggests that nlz2 may act as a repressor. The specificity of this effect to a pax2.1-dependent pathway in the ventral optic cup is further strengthened by the observation that the ventral eye markers vax1 and vax2 are largely unaffected in morphant fish. These observations agree with the observations of Bertuzzi et al. that Pax2 and Vax1/Vax2 operate in parallel pathways to pattern the ventral optic cup (23, 26) . The differing effects of nlz1 and nlz2 on pax2.1 expression are corroborated by subtle upregulation of pax6 in nlz1 morphants and downregulation in nlz2 morphants, especially in the ventral region of the eye. This is expected given the established reciprocal repression between Pax2 and Pax6 in establishing the optic stalk/optic cup boundary (19) . We postulate that the microphthalmia noted in nlz2 morphants may be because of this subtle reduction in pax6 territory. The fact that the in vivo and in vitro effects of NLZ1 and NLZ2 on Pax2 expression differ somewhat suggests that the developmental regulation of PAX2 is more complex than our cell culture system can model.
Although it is impossible to rule out the role of complex and indirect effects on eye morphogenesis, the failure of the optic fissure to close in nlz1 and nlz2 morphants may be explained by localized ocular abnormalities in Pax2 expression. This is supported by our observation that wild-type pax2.1 mRNA partially rescues the nlz1 morphant fish. Such rescue is not observed or expected in the nlz2 morphant setting where we observe an expansion of pax2.1 expression. We have also observed that these 2 genes appear to have an additive, if not synergistic, role when knocked down with morpholino doses which do not individually cause severe phenotypes. This fact, taken together with the differences in pax2.1 expression patterns in morphant fish, suggests that nlz1 and nlz2 may exert their effects in fissure closure beyond a quantitative change in pax2.1 expression in individual cells. Rather, they may alter local gene patterning in the ventral optic cup by distinct mechanisms. Accordingly, although nlz1 may act as an histone deacetylase or grouchomediated transcriptional repressor in the hindbrain (28, 35) , it is possible that nlz1 and nlz2 bind different cofactors or tissuespecific response elements that provide distinct regulatory signatures.
Nlz1 and Nlz2 Are Capable of Binding the Pax2 Promoter. In support of our observation that pax2.1 is misregulated in nlz morphant fish, we also present evidence that Nlz1 and Nlz2, although they contain only a single C 2 H 2 zinc finger domain, are able to bind the Pax2 promoter at a zinc finger binding motif. Although the majority of C 2 H 2 zinc finger proteins capable of direct DNA binding contain more than 1 zinc finger, it has been shown that the single C 2 H 2 zinc finger-containing protein GAGA is able to bind with high affinity to a promoter consensus sequence in the context of other basic amino acids within its sequence (36) . Alternatively, because the Nlz proteins are capable of homo-and heterodimerization (28) , it is possible that a complex of 2 or more Nlz proteins combine to enable direct, multiple zinc finger binding to DNA; ChIP analysis does not allow us to resolve whether Nlz proteins bind directly to DNA themselves or whether they act via 1 or more binding proteins.
In conclusion, using expression profiling during optic fissure closure we have identified 2 related genes necessary for proper fissure closure. Knockdown of nlz1 or nlz2 in zebrafish leads to a failure of the optic fissure to close, which recapitulates the phenotype seen in human uveal coloboma. The experimental phenotype is accompanied by distinct misregulation of pax2.1, providing a possible pathway mediating the effects of Nlz proteins in the eye.
Materials and Methods
Laser Capture Microdissection. A Veritas laser capture microdissection instrument (Molecular Devices) was used to collect optic fissure tissue from frozen sections through staged, wild-type C57BL6/J mouse embryos. Total RNA was extracted using an Absolutely RNA Microprep kit (Stratagene).
RNA Amplification and Microarray Hybridization. Pooled RNA was amplified as per instructions in the RiboAmp OA kit (Molecular Devices) and transcripts were biotin labeled using a GeneChip IVT Labeling kit (Affymetrix). Labeled samples were hybridized to Affymetrix MOE 430 2.0 expression microarrays according to manufacturer's protocol and scanned using GeneChip Scanner 3000 (Affymetrix). Raw expression signals and present/absent calls were made using Affymetrix GCOS 1.4. Data have been deposited in the Gene Expression Omnibus (GEO, www.ncbi.nlm.nih.gov/geo, GSE13103).
Statistical Analysis of Microarray Data. Normalized data were then analyzed in parallel in the statistical software JMP 6.0 (SAS, Cary, NC) and open-source scripts (MSCL toolbox, J. Barb and P. Munson, 2004; available at http:// abs.cit.nih.gov). Filtering of the data included: (i) removing probes not present at at least 1 time point, (ii) setting a false discovery rate of Ͻ0.15, and (iii) setting a fold change of Ͼ2 over time as significant. Because Robust Multiarray (RMA) and S10 normalization and subsequent analysis resulted in 2 overlapping, but distinct sets of genes, we combined the 2 into 1 set of 168 unique, significantly regulated probes that represented genes present in 1 or both analyses without duplication.
Probe Set Verification. Reverse transcription was performed using cDNA Reverse Transcription kit (Applied Biosystems) according to manufacturer's protocol. Primer and TaqMan probe set Mm00520908m1 was used for amplification and detection of Nlz2 and reactions were normalized using mouse GAPDH predeveloped TaqMan primer/probe set (Applied Biosystems). Gene expression was visualized in wild-type C57BL/6J embryos using previously published protocol (37) using IMAGE clone 6401144 (Zfp503). Whole mount in situ hybridization in zebrafish was done as described previously (38) .
Morpholino Gene Knockdown and mRNA Rescue in Zebrafish. Wild-type AB/TL zebrafish were injected at the 1-4 cell stage with 4 -8 ng antisense morpholino oligos (Gene Tools, LLC), targeted to the translation start site or splice site of specific transcripts (39) . Morpholino sequences were: 5Ј ATCCAGGAG-GCAGTTCGCTCATCTG 3Ј, targeting translation start site of nlz1; 5Ј ATGGTT-TAGAAGTCGTACCTCAATG 3Ј, targeting nlz1 intron 1-exon 2 splice boundary; 5ЈACCCAATTCTCATGTATTTTGTTGG3Ј, targeting nlz2 translation start site; 5ЈATCGAGCTGCGAGAATAGATAAAAC3Ј, targeting nlz2 intron 1-exon 2 splice boundary. A standard control morpholino targeting human ␤-globin was used as a negative control. For RT-PCR, RNA from 20 whole embryos at 24 hpf injected with 8 ng nlz1 or nlz2 splice-site blocking morpholinos was isolated using RNeasy Mini kit (Qiagen) and reverse transcribed using cDNA Reverse Transcription kit (Applied Biosystems). PCR was performed using intron spanning primers as previously published (18) .
Full-length cDNA IMAGE clones 7405421 for nlz1 and 2643152 for nlz2 were obtained from Open Biosystems. The ORF of nlz1 and nlz2 was PCR amplified (primer sequences available upon request) and cloned into PCR II vector using TOPO TA cloning kit (Invitrogen), subsequently cut using ClaI and XbaI and ligated into pCS2ϩ cut with the same enzymes. Clones were sequence verified. pax2.1 in pCS2ϩ plasmid was a gift from Alexander Picker and was cut with NotI. Capped transcripts were made from these plasmids using mMESSAGE mMACHINE in vitro transcription kit following manufacturer's protocol (Ambion). One hundred to 150 pg of these transcripts were then injected in embryos independently injected with 8 ng of nlz1 or nlz2 translation start site blocking morpholinos.
PAX2 Promoter Studies.
For ChIP, ARPE19 cells were transfected with Flagtagged constructs containing in-frame fusions of human Nlz1 and Nlz2 cDNAs. Cells were processed according to the recommendations in the protocol for ChIP IT Express kit (Active Motif) and ChIP was performed as described previously (40) . See Fig. S5 for additional methods. Transactivation experiments were performed in ARPE19 cells using a standard protocol detailed in Fig. S6 .
